Cell surface hydrophobicity of group A, B, C, D and G streptococcal strains has been studied and compared in a new test based on the fact thht the degree of bacterial aggregation in ammonium sulphate depends on amphiphilic surface antigens. M-positive group A strains showing good growth in normal human blood aggregated in the standard salt aggregation test at very low concentrations of ammonium sulphate, while M-negative strains, which were killed in normal human blood, usually aggregated at high salt concentrations. Agents such as 2 M-KSCN, 2 M-guanidine. HCl or 2 M-urea decreased the aggregation of the M-positive strains in the salt aggregation test while non ionic detergents such as Tween 20 (1 %, w/v) and ethylene glycol (2 M) did not affect cell aggregation. Binding of fibrinogen and albumin resulted in a decrease of surface hydrophobicity of the group A M-positive sttains. Group B strains possess a hydrophilic surface character and did not aggregate, while glioup C and G strains behaved in the salt aggregation test like M-negative strains of group A streptococci. Group D strains did not aggregate even at high ammonium salt concentrations. The results are discussed in relation to the influence of lipoteichoic acid and other surface antigens on strains of the various groups, and it is suggested that M protein and possibly also other surface proteins contribute to the high surface hydrophobicity of group A strains.
INTRODUCTION
Recent studies of two matched pairs of M-positive (M +) strains of Streptococcuspyogenes and M-negative (M -) laboratory variants have indicated important differences in the physicochemica1 surface properties of such paired strains. M + strains were found to possess a more negative surface charge and to express extreme surface hydrophobic properties as compared with other bacterial species (Tylewska et al., 1979; Faris et al., 1981 ; Wadstrom et al., 1981) . Protein A-positive Staphylococcus aureus show a high tendency towards hydrophobic interaction in the same test system, i.e. chromatography on octyl and phenyl Sepharose gels, as compared with protein A-negative variants (Wadstrom et al., 1981) . Various methods have been developed in recent years to study the surface hydrophobicity of bacteria, including (1) two-phase partition chromatography (Magnusson et al., 1977) ; ( 2 ) hydrophobic interaction chromatography (Smyth et al., 1978) ; ( 3 ) the contact angle method (van Oss & Gillman, 1972) (Kjelleberg et af., 1980) , to the bacterial surface.
In this study, surface properties of streptococci are presented which have been obtained by a novel method based on the principle of 'salting out' of proteins with ammonium sulphate ('salting out principle'), developed for studies of surface properties of fimbriated and nonfimbriated Escherichia coli (Lindahl et al., 1981) . This method is based on the concept that bacteria with a hydrophobic surface character aggregate at a relatively low concentration of ammonium sulphate and other salt solutions containing ions from the left side of the Hofmeister series (Hanstein, 1979) . Preliminary experiments with fimbriated (F +) enterotoxigenic E. cofi and negative (F-) variants clearly showed that the salting out principle was a promising new tool for quantifying differences in hydrophobicity between bacterial strains with various fimbrial antigens (Lindahl et al., 1981) .
The aim of this investigation was to adopt a more systematic approach in order to study the surface properties of potentially pathogenic streptococci of groups A, B, C, D and G. For this purpose, standard strains of group A streptococci with different M and T antigen contents were first investigated. For comparative studies, strains of four other groups were also examined.
Group B streptococci were included because they have been reported to possess a potential hydrophilic surface structure (Jennings et af., 1980) . Group C and.G streptococci were selected since some are known to show differences in surface hydrophobicity, as revealed by partition experiments in polymer phase systems (Mitimer et af., 1980) . Group D streptococci were selected since they contain lipoteichoic acid (LTA) as group antigen.
METHODS

Bacrerial strains.
Streptococcal strains of groups A, B, C, G and D u s 4 in this study are listed in Table 1 . Culture condirionsandbocrerialsusp4nsions. Group A, B, C and G strains were grown in beef heart proteose broth Tor 12 h at 37 "C in static cultures. Group D strains were grown in nutrient broth with 1 % (w/v) glucose. All broth cultures were heat-killed at 60°C for 30min. Daily repeated tests for one week of such suspensions gave reproducible results. Cultures were centrifuged (3500g, 15 min, 20 "C) and washed twice with 0.01 Msodium phosphate buffer, pH 8.5, containing 10% (v/v) ethylene glycol, then with 0.01 M-sodiUm phosphate, pH 7.3 (standard phaphatc buffer) to remove loosely bound surface components, such as medium constituents and extracellular proteins (Hjerten, 1981) .
Bactericidal tesf. The survival of group A streptococci was tested in heparinized fresh human blood according to Sramek (1977). About 100 colony-forming units in 0.04 ml culture broth were inoculated in 0.3 ml human blood supplemented by 0.02 ml normal rabbit serum and incubated for 3 h at 37 "C; 0.1 ml of the blood cultures was then applied to sheep blood agar plates and incubated overnight. Survival was expressed by the growth index (GI) according to Lancefield (1 957) and Stollerman er al. (1958) . , 1958; Lancefield, 1959) . The amount of M protein in strains with GI 1-30 cannot be unambiguously determined from their resistance to bactericidal effect of human blood (Lancefield, 1959) , but it is generally accepted that some correlation exists between the GI of these strains and their M protein content.
Standard procedurefor the salt aggregation tests. These tests were performed as described previously (Lindahl et a/., 1981) . A bacterial suspension (5 pl) containing approximately IO'O organisms ml-in standard phosphate buffer ( 0.9) was mixed with an equal volume of a salt solution on a glass slide. Serial twofold dilutions of an ammonium sulphate solution (44.008 M) containing 0.01 M-sodium phosphate, pH 7.3, were mixed I : I with the bacterial suspensions. The slides were tilted for about 1 min and aggregation was read against a dark background I min later. All standard procedures were camed out at 20 "C. Positive reactions were scored as follows: large white aggregates as + + + to + + , small white aggregates as + , and no visible reaction as -. Standard reference strains RII, 1800 Teikoand 46/1 (see Fig. I ) were included on each separate occasion when investigating different parameters. The reciprocal of the lowest molarity of ammonium sulphate solution (final concentration after mixing with bacteria) giving a -+ + or + + reaction was scored as the numerical value of bacterial surface hydrophobicity (salt aggregation titre, SAT). Tests at different bacterial concentrations showed that IO9-lOi0 organisms ml -gave the most reproducible results; higher bacterial concentrations gave a more rapid aggregation and less clear end-points. Reproducibility of aggregation results was confirmed in repeated tests with standard strains. Day-to-day variation was never greater than one dilution step. The influence of different ions, pH and temperature was investigated by variation of the standard test conditions.
Trypsin and pepsin treatment. Cell suspensions (200 pl) of group A, C, D and G strains were incubated after addition of 20 pl trypsin (1 mg ml-* in 0.01 M-sodium phosphate buffer, pH 7.3) or 20 pl pepsin (1 mg ml-I in 0.067 M-sodium phosphate buffer, pH 5.8) at 37 "C for 60 min (Beachey et al., 1980) . The cells were then washed twice with the standard phosphate buffer. Treatment of' cell suspensions with human albumin, jbrinogen, dextran and homologous rabbit antistreptococcal antiserum. Suspensions (200 pl) of group A streptococci were incubated for 1 h at 37 "C with 1 ml of the T. WADSTR6M AND OTHERS appropriate protein solutions (1 mg ml-I in standard phosphate buffer) or 1 m i of a 1 : 10 antiserum dilution, and then washed as descritd above. For dextran treatment, 150 pl of streptococcal suspensions were mixed with 50 p1 of a 10% (w/v) dextran solution. Antisera against heat-killed (60 "C, 1 h) streptococcal cells were raised in rabbits according to Lancefield (1938) .
Chemicals. Trypsin (twice crystallized), pepsin (twice crystallized), Tween 20 and sodium deoxycholate were purchased from Merck. Human fibrinogen and human Serum albumin were obtained from Kabi, Stockholm, Sweden. Dextran was purchased from Pharmacia. Guanidine. HCl was obtained from Serva, Heidelberg, FRG.
All other chemicals were obtained from VEB Jenapharm-Laborchemie, Apolda, GDR, and were of analytical grade.
RESULTS
Behavwur of group A strains in the salt aggregation test The results of the salt aggregation of 39 group A streptococcal strains are shown in Fig. 1 . The majority of the strains with a GI > 30 clearly show a higher tendency to aggregate in the salting out test thanstrains with a lower GI. Some of the strains, most of them with higher GI, exhibited autoaggregation in the standard phosphate buffer. Digestion with trypsin or .mild treatment with pepsin (Beachey et al., 1977) was used to remove M protein and other cell wall components from the surface of group A streptococci. As expected, after trypsin treatment the high GI index strains aggregated only at high ammonium sulphate concentrations while the low GI strains remained almost unaffected (Fig. 2, A) . Mild pepsin digestion also reduced surface hydrophobicity, but to a lesser extent than trypsin digestion (not illustrated).
Influence of pH, temperature, ions and several compounds on salt aggregation
Comparative tests at acidic and alkaline pH with selected strains showed that a pH below 7 enhanced aggregation (not illustrated). Standard tests at various temperatures (4,20 and 37 "C) revealed differences in the numerical score for a + + / + + + reaction only for the type M 12 strain 1800 (Fig. 2, C) . Chaotropic agents known to dissolve intrinsic membrane proteins ('salting in') inhibited the aggregation of the tested strains. 32) was inhibited to SAT < 2 by 2 M-KSCN (Fig. 2, D) and to SAT < 4 by 1 hi-guanidine . HC1.
Urea (2 M) also inhibited salt aggregation with ammonium sulphate. Only slight differences were detectable in the aggregation behaviour of type M1 strain 4 / 5 8 (GI > 80), type M6 strain 102 (GI = 130) and type M12 strain 1800 (GI = 80) streptococci with dilution series of ammonium acetate, ammonium sulphate and ammonium chloride, representing, in that order, a decreasing salting out potency in the Hofmeister series. Treatment of bacterial suspensions with a dilution series of KSCN caused no aggregation. The nonionic detergents Tween 20 (Fig. 2, D) and Triton X-100, and a weak ionic detergent (sodium deoxycholate), used to solubilize hydrophobic membrane proteins (Helenius & Simons, 1979 , reduced the SAT value slightly. Ethylene glycol (2 M) did not influence the bacterial aggregation of the tested strains in 0.06 M salt solutions (Fig. 2, D) .
Various blocking experiments were performed with human serum albumin, human fibrinogen and homologous rabbit antiserum, which are known to bind to structures such as LTA, M and T proteins and other streptococcal surface antigens (Simpson et al., 1980; Kantor, 1965; Schmidt & Kiihler, 198 1 ; A. Wicken, personal communication). Treatment of group A strains having a high GI with human serum albumin or fibrinogen caused a fivefold decrease in SAT although the inhibition was never complete (Fig. 2, B ; strain 40/58). Conversely, after coating type T1 strains with low GI (e.g. SF130/Griffith, GI = 0), a slight increase in SAT was found (Fig. 2, B) . Thus, strains which behaved differently before treatment were aggregated at the same SAT after treatment.
In the case of the group A type M12 strain 1800, after coating with fibrinogen a strong salt aggregation was observed at SAT I 1. The aggregation was weak at SAT 2 and 4 and became strong again at SAT 2 8 , perhaps because of a fibrinogen streptococcal agglutination (Tillet & Garner, 1934) .
The use of homologous rabbit antiserum for coating gave no clear results, probably because of serological agglutination. The presence of 2.5 % dextran only slightly influenced the salt aggregation (Fig. 2, D) . The fact that cell aggregation was diminished by chaotropic ions or nonionic detergents in the standard salting out assay strongly suggests that hydrophobic interactions are the main forces involved, but that other forces such as electrostatic interactions must be considered at lower salt concentrations, especially in the case of autoaggregating strains. Systematic studies on fimbriated E. coli with different salts and including chaotropic agents have clearly shown a correlation between bacterial cell surface hydrophobicity and amount of amphiphilic cell surface structures such as fimbriae (Lindahl et al., 1981) . (Kohler & Prokop, 1978) , fibrinogen (Kronvall et al., 1979a; Schmidt & Kiihler, 1981) , and immunoglobulins (Kronvall et al., 1979b) to streptococcal surface components indicate a complex surface mosaic structure of these cells. LTA may be an important receptor for surface-bound albumin (Simpson et al., 1980 ) which may sterically hide the hydrophobic proteins on the cell surface. Similar steric blocking may also occur after adsorption of fibrinogen or immunoglobulin on the cell surface. Thus, the surface properties of group A sterptococci in eitm may be dominated by the effect of coating with other proteins.
Studies with group B, C, D and G streptococci were also performed because of the different cell surface properties in these groups. Group B streptococci with a polysaccharide capsule were shown to have a hydrophilic surface character. Recent studies of a capsulated Staph. aureus strain (Smith diffuse strain) and its negative variant (Smith compact strain) also show that the presence of hydrophilic surface carbohydrates can occlude suface hydrophobic properties attributed to protein A and other surface antigens (Jonsson & Wadstrom, 1983) . The group C and G streptococci tested showed a similar salting out behaviour to that of the low GI group A strains. The behaviour of the group D streptococci which possess surface LTA as the group antigen did not indicate surface exposure of the lipid part of the amphiphilic LTA molecule. These results indicate that LTA is probably synthesized and located in the group D cell envelope, and accordingly not exposed on the surface of the cell wall as proposed in the classical model of LTA in lactic acid-producing streptococci and lactobacilli (Wicken & Knox, 1980) , because such strains expressed a hydrophilic surface character in our test system. 
